The adsorption of gas molecules at electrode−electrolyte interfaces is an important step in electrochemical reactions. Using molecular dynamics simulations, we investigate the adsorption of dissolved N 2 in the electrical double layers (EDLs) of an aqueous electrolyte near planar and 1 nm radius spherical carbon electrodes. The adsorption of N 2 is found to be overall enriched near neutral electrodes regardless of their surface curvature, although it can be locally enriched or depleted depending on the distance from the electrode surface. In comparison, the adsorption of N 2 in the EDL near negatively charged electrodes is found to increase under a moderate surface charge density, but decrease under a high surface charge density, especially near a planar electrode. By analyzing the potential of mean force for dissolved N 2 , the solvent-induced effects are found to play important roles in influencing the adsorption of N 2 in the EDLs. The adsorption behavior of N 2 molecules, especially their dependence on the surface charge and curvature of electrodes, is further rationalized by examining the structure of interfacial water molecules, their interference with the hydration shell of N 2 , and their modification by the electrification of electrodes.
INTRODUCTION
The adsorption of small gas molecules such as N 2 and CO 2 near solid surfaces immersed in liquids is encountered in diverse applications including chemical separations and catalysis. 1−3 Due to adsorption, gas molecules are enriched at the solid−liquid interfaces, which could be either beneficial or detrimental to the chemical and/or physical processes. The accumulation of gas molecules at the solid−liquid interfaces encompasses both their adsorption on the solid surface and their absorption in the interfacial zone within a few nanometers from the solid surface, where the structure of the liquids differs from that in bulk liquids. Given the molecular-size thickness of the interfacial zone, 4 it is not straightforward to differentiate the gas absorption in this zone and the gas adsorption on the solid surface. Hence, these two forms of gas accumulation are often lumped as just one term of gas adsorption at liquid−solid interfaces. 5−7 It is essential to understand such gas adsorption phenomena to offer insight into diverse applications, where desirable gas adsorptions need to be enhanced whereas unwanted ones need to be suppressed. 2, 3 The quantification of gas adsorption at solid−liquid interfaces along with the clarification of underlying mechanisms are experimentally challenging because such interfacial phenomenon involves not only adsorbates and adsorbents but also solvent molecules, which makes the problems of gas distribution and liquid structure in the molecularly thin interfacial zone complicated. 4, 8 Molecular simulations, on the other hand, can probe the structure and energetics of gas molecules in the interfacial zone at a molecular resolution, and thus serve as a powerful tool to address these challenges. Previously, molecular dynamics (MD) simulations showed that gas molecules modeled as Lennard-Jones (LJ) particles are enriched near hydrophobic walls immersed in water. 5 Recent grand canonical Monte Carlo simulations showed similar enrichment of gas molecules dissolved in water and suggested that the enrichment does not show strong gas specificity. 6 Most recently, the Aluru group systematically examined the adsorption of dissolved gas molecules near graphene walls using MD simulations by computing the potential of mean force (PMF) of these molecules near the wall. 7 Their analysis revealed that, in addition to the gas−wall interactions, the solvent effects play a crucial role in gas adsorption, whereas the gas adsorption is enhanced by the solvent-induced entropic effects, it is also hindered by the solvent-induced enthalpic effects.
Our interest in the adsorption of gas molecules at solid− liquid interfaces mainly comes from a recent report on electrochemical synthesis of NH 3 from N 2 . 9 Song et al. showed that N 2 gas dissolved in aqueous electrolytes can be electrochemically reduced on the surface of N-doped carbon electrode materials that exist in the form of carbon nanospikes with tip sizes as small as ∼1 nm. As a result, NH 3 can be synthesized electrochemically with a faradaic efficiency of 11.5% and a production rate of 97.2 μg/(h cm) under ambient conditions. 9 It was found that the reaction is driven by the sharp tips of the carbon nanospikes, since MD simulations in combination with ab initio calculations showed that the electrical field near the nanospikes is strongly enhanced to promote the reactivity of the otherwise inert N 2 molecules. 9 This was also corroborated by experiments that etched the sharp carbon nanospikes away, resulting in a dramatic decrease in N 2 electrochemical reduction process. Regardless of the chemical details of the electrochemical reduction of N 2 , the adsorption of N 2 at the interface of the carbon nanospikes and electrolyte solutions is an essential step of the electrochemical reactions. Understanding this phenomenon would thus help us to further clarify the process of electrochemical N 2 reduction on the carbon nanospikes.
Prior works on the gas adsorption at solid−liquid interfaces can lend some help toward the understanding of the adsorption of N 2 on/near carbon nanospikes. For instance, based on the prior simulations of dissolved N 2 and other similar gas molecules, 6, 7 it is expected that N 2 molecules are locally enriched near the carbon nanospikes compared to their distribution in bulk electrolytes. However, the adsorption of N 2 on the carbon nanospikes in the experiments by Song et al. exhibits several features not explored in the previous studies of gas adsorption at solid−liquid interfaces, and therefore, some important questions remain open. First, during the electrochemical reduction of N 2 , the carbon nanospikes are electrified, and thus electrical double layers (EDLs) are established at the electrode−electrolyte interfaces. Within the EDLs, the structure of solvent water, which can affect the gas adsorption based on prior research, 10 can deviate strongly from that near neutral solid surfaces and in bulk electrolytes. However, to the best of our knowledge, the adsorption of gas molecules near electrified electrodes, or equivalently in EDLs at the electrode−electrolyte interfaces, has not been studied. Second, the carbon nanospikes have tip sizes as small as ∼1 nm. How gas adsorption is affected by the large curvature of these surfaces is not clear because most previous studies focused on gas adsorption near planar walls. The advent of electrochemical catalysts with nanotextures has thus opened up new opportunities for applications along with challenges for understanding.
In this work, we investigate the N 2 adsorption in the EDLs formed at the interfaces of solid electrodes and aqueous electrolytes using MD simulations. The effects of electrification of carbon electrodes and their different surface curvatures are examined in detail to address the above raised questions. N 2 enrichment is found near neutral electrodes regardless of the surface curvature. In comparison, N 2 enrichment is further enhanced when the electrode is moderately charged, but is reduced when the electrode is highly charged, especially in the EDLs near a planar electrode. When the electrodes are highly charged, the amount of N 2 molecules available for electrochemical reduction is an order of magnitude higher near spherical electrodes than near planar electrodes. We further studied the potential of mean force for dissolved N 2 and investigated the interfacial water structure along with the hydration shell of N 2 to rationalize the observed gas adsorption behavior.
The rest of this manuscript is organized as follows. Section 2 describes the simulation system and method. Section 3 presents the N 2 adsorption in EDLs and how it is affected by the charge density and surface curvature of the electrodes. Finally, conclusions are drawn in Section 4.
SIMULATION SYSTEMS, MODELS, AND METHODS
2.1. System. Two types of systems featuring planar and spherical electrodes were studied. In the first type of system ( Figure 1a ), a slab of aqueous LiCl electrolyte was placed on a graphene bi-layer, where the surface charge density of the top layer in contact with the electrolyte was set to σ = 0, −0.08, and −0.16 C/m 2 by assigning small partial charges evenly on the carbon atoms. The dimension of the system box was 4.426 × 4.486 nm 2 in the direction parallel to the electrode surface and 18 nm in the direction normal to the electrode surface. The electrolyte contained 3700 water molecules, resulting in a ∼6 nm-thick liquid layer over the electrode's top surface. In the case of a neutral electrode, 40 pairs of Li + and Cl − ions were dissolved in the water layer giving a concentration of ∼0.5 M. When the electrode carried a surface charge density of −0.08 or −0.16 C/m 2 , 10 or 20 additional Li + ions were added into the water layer to neutralize the charges on the electrode.
In the second type of system ( Figure 1b ), a spherical electrode consisting of two atomic layers was used to represent the strong surface curvature at the sharp tip of carbon nanospikes. The radius of the outer atomic layer for the spherical electrode was set to 1 nm. The electrode was fixed in the middle of the MD box measuring 5.858 × 5.858 × 5.858 nm 3 and surrounded by the same electrolyte as in the first type of system. Different surface charge densities were also explored to investigate their effects on the N 2 adsorption in EDLs near electrodes with a strong surface curvature. The spherical electrode was surrounded by 6400 water molecules. For the neutral electrode, 58 pairs of Li + and Cl − ions were dissolved in the water solvent giving a concentration of ∼0.5 M. An additional 6 or 12 Li + ions were added to neutralize the electrode's charge when the electrode carried a surface charge density of −0.08 or −0.16 C/m 2 , respectively. For both types of systems, the Debye length of the electrolyte is ∼0.4 nm under the studied ion concentration, regardless of the surface charge densities, which produces a nanometer-thick EDL near the electrode surfaces.
Due to the low solubility of N 2 molecules in water, it is challenging to simulate N 2 adsorption in EDLs directly using MD simulations. Instead, we simulated a single N 2 molecule in EDLs. By constraining one N 2 molecule at various distances from the electrode surface in a series of simulations, we studied the N 2 adsorption using the umbrella sampling method. 11, 12 From the distribution of the N 2 molecule obtained in these simulations, we constructed the PMF (ϕ) of a single N 2 molecule as a function of its distance x from the electrode surface using the weighted histogram analysis method (WHAM) technique. 13 By setting the PMF of N 2 in the bulk electrolyte as a reference, i.e., ϕ ∞ = 0, the density distribution of N 2 in an EDL in equilibrium with an electrolyte that has a bulk N 2 density of ρ ∞ was then calculated using Boltzmann distribution as 14
In this work, ρ ∞ was taken as 3.55 × 10 −4 nm −3 , which is the saturation density of N 2 molecules in water exposed to a pure N 2 gas reservoir under a pressure of 1 atm (101.325 kPa) at 300 K. In the present method of computing the N 2 density in EDLs in equilibrium with a N 2 gas reservoir, because the PMF was obtained from simulations based on only a single N 2 molecule, it is implicitly assumed that the concentration of N 2 molecules in the EDLs is so low that they do not affect the adsorption of one another. Under the conditions studied here, where ρ ∞ is low and the enrichment of N 2 in the EDLs is modest, the lateral distance between the N 2 molecules adsorbed in the real EDLs in equilibrium with a N 2 gas reservoir would be in the range of 43−167 nm (see the Supporting Information). Therefore, the above assumption is valid.
Models.
Water molecules and N 2 molecules were modeled using the SPC/E model and TraPPE force fields, respectively. 15, 16 With the TraPPE force fields, the N 2 molecule has a dipole moment of zero and a quadrupole moment of −4.67 × 10 −40 C/m 2 . The Li + and Cl − ions were modeled as charged Lennard-Jones (LJ) spheres. 17 The planar electrodes consisted of two A−B stacked graphene layers separated by 0.33 nm. The spherical electrodes consisted of two layers of carbon atoms separated by 0.33 nm in the radial direction. The carbon atoms in each layer were arranged in a lattice consisting of pentagonal and hexagonal rings, and the distance between neighboring carbon atoms on the outer surface of the carbon nanosphere was 0.14 nm, similar to that in graphene. The LJ parameters for carbon atoms were the same as those used in the prior study of H 2 and CO 2 adsorption on graphenes. 7 The Lorentz− Berthelot combination rule was used to obtain the LJ parameters between different types of atoms.
2.3. Simulation Protocol and Method. To build the simulation systems, water molecules and electrolyte ions were placed in the MD box using the Packmol code. 18 One N 2 molecule was then introduced into the systems and located at different distances from the electrode surface. All simulations were performed using the Gromacs code 19 in the NVT ensemble (T = 300 K). A cut-off radius of 1.3 nm was used for computing the nonelectrostatic interactions. To compute the electrostatic interactions, the particle mesh Ewald 20 method was used with a fast Fourier transform grid spacing of 0.11 nm and a real space cut-off of 1.3 nm. The electrode atoms were fixed in all simulations. The geometry of the water molecules was maintained using the LINCS algorithm. 21 The implementations of the umbrella sampling and WHAM methods in Gromacs were used to compute the PMFs of the single N 2 molecule at a distance of z = ∼0.25−1.50 nm from the electrode surface. 19 In the series of umbrella sampling simulations performed, the spacing between the consecutively constrained N 2 molecules was 0.075 nm. To account for the entropic decrease of the PMF due to the increase of the number of configurations with the radial distance s from the center of the spherical electrodes, the PMF of the N 2 molecules computed using Gromacs was corrected by k B T ln(4πs 2 ). 22, 23 In each constrained simulation, an equilibrium run of 5 ns was performed first, followed by a production run of 15 ns to gather statistics.
RESULTS AND DISCUSSION
3.1. Macroscopic N 2 Adsorption Behavior in EDLs. To quantify the adsorption of N 2 molecules in the EDLs macroscopically, we define the surface excess of the adsorbed N 2 molecules Γ ex near planar and spherical electrodes by the following two equations, respectively
where ρ(x) is the density of N 2 molecules at a distance of x from the electrode surface computed using eq 1, r(x) = R + x, and R = 1 nm is the radius of the spherical electrode's outer surface. By calculating Γ ex , we can determine to what extent the N 2 molecules in the EDLs are enriched or depleted near the electrode surface compared to that in the bulk electrolyte. The excess adsorptions of N 2 in EDLs near different electrodes calculated by eq 2 are shown in Figure 2a . For both planar and spherical electrodes with zero charge, N 2 molecules are slightly enriched near the electrode surface. In comparison, the adsorption is significantly increased for both electrodes when the electrode surface charge density changes from 0 to −0.08 C/m 2 . When the electrodes become highly charged (σ = −0.16 C/m 2 ), N 2 adsorption in the EDLs is weakened for both electrodes compared to that at the medium charge density. However, compared to the bulk electrolyte, N 2 molecules are still moderately enriched near the spherical electrodes, although they are depleted near the planar electrodes.
The surface excess of N 2 computed above only provides information on the overall enrichment of N 2 molecules in the Langmuir 2018, 34, 14552−14561 electrolytes without revealing the effect of their distance from the electrode surface. Whether the electrochemical reduction of a N 2 molecule can occur, however, also depends greatly on its distance from the electrode surface. For example, considering the electron tunneling effect, the probability (P) that a molecule can be reduced electrochemically decreases exponentially as its distance x from the electrode surface increases, i.e., P(x) ∼ e −βx , where β is the electron decay factor that depends on the nature of solvents and is 15.9 nm −1 in aqueous electrolytes. 24 Despite the likely complicated mechanisms of N 2 reduction on the sharp tips of the nanospikes in ref 9, the reduction of the N 2 molecules adsorbed near the carbon nanospikes should still follow the exponential law shown above once free electrons become available in the EDL.
On the basis of this exponential law, we quantify the electrochemically available N 2 molecules θ e per unit area of planar and spherical electrodes by the following two equations, respectively
(3) Figure 2b shows the results of θ e for both planar and spherical electrodes calculated using eq 3. At both the neutral and modest surface charge densities (σ = 0 and −0.08 C/m 2 ), the density of electrochemically available N 2 molecules near the planar electrode is comparable to that near a 1.0 nm radius spherical electrode. However, when electrodes are highly charged (σ = −0.16 C/m 2 ), the electrochemically available N 2 molecules near the 1.0 nm radius spherical electrodes are 1 order of magnitude higher than those near planar electrodes with the same surface area. The enhanced availability near spherical electrodes originates from the fact that the N 2 adsorption near highly charged spherical electrodes is stronger than that near planar electrodes with the same surface charge density. This suggests that, when operating under high voltages, the electrodes with a large surface curvature are able to promote the electrochemical reduction of the N 2 molecules more effectively.
To understand the molecular mechanisms underlying the N 2 adsorption behavior revealed in Figure 2 , we next examine the PMFs of N 2 molecules in the EDLs of the two electrodes of different charge densities and surface curvatures, and their physical origins.
3.2. Molecular Details of N 2 Adsorption near Planar Electrodes. 3.2.1. Neutral Electrodes. The macroscopic adsorption characteristics of N 2 molecules in an EDL depend on the distribution of their density, or equivalently, the PMF across the EDL (see eq 1). Figure 3a shows the PMF of a N 2 molecule near a neutral, planar electrode. As the molecule moves away from the electrode surface, a deep valley of −5.33 kJ/mol, which favors the local accumulation of N 2 molecules, is first observed at z = 0.34 nm. It is immediately followed by a high peak of 4.58 kJ/mol at z = 0.54 nm, where N 2 molecules tend to be depleted. Beyond the first valley and peak, the PMF oscillates but the subsequent valleys' depth and peaks' height become less distinct with increasing distances. At z ≳ 1.2 nm, the PMF is essentially zero, indicating that the effect of the planar electrode on the adsorption of N 2 molecules is limited to within a distance of ∼1.2 nm from its surface.
To understand the total PMF shown in Figure 3a , we decomposed it into two components following the approach adopted in a prior work, 7 i.e., a N 2 −electrode interaction component and a solvent-induced component. The former component was determined by computing the nonelectrostatic potential between a N 2 molecule and the neutral electrode at various N 2 −electrode distances found in our simulation trajectories. This component was subtracted from the total PMF to obtain the solvent-induced component of the PMF. These two components of the PMF are shown in Figure 3b . We observed that when z ≳ 0.3 nm, the N 2 −electrode interaction component is always negative, whereas the solventinduced component is always positive. These observations agree with those reported by Lee and Aluru in their study of H 2 and CO 2 near neutral graphenes. 7 Along with the fact that the valley of the potential due to N 2 −electrode interactions (z = 0.35 nm) nearly coincides with the first valley of total PMF (z = 0.34 nm), these results suggest that the nonelectrostatic N 2 −electrode attractions contribute to the enrichment of the N 2 molecules near neutral electrodes. However, in the region z < 0.5 nm, the solvent-induced PMF also decreases as the molecule moves toward the electrode. This suggests that the solvent-induced effects also partly contribute to the formation of the first PMF valley. In fact, the solvent-induced effects are the main reason for the oscillation of the total PMF at z > 0.5 nm because the potential of N 2 −electrode interactions only displays a monotonic decrease in magnitude as the molecule moves away from the electrode. Consequently, understanding the solvent-induced effects on the PMF of an interfacial N 2 molecule is essential for understanding the total PMF (and thus the adsorption) of N 2 molecules in the interfacial zone. To understand the solvent-induced effects and their contribution to the N 2 molecule's PMF near the electrode, we examine how the N 2 molecule located at different distances away from the electrode is hydrated by water molecules. Figure  4 shows the distribution of water molecules as a function of their vertical distance from the electrode surface (z) and their radial distance from the interfacial N 2 molecule in the horizontal plane (r). The water distribution can be examined from two different perspectives. From the perspective of the electrode, we observe that a distinct water layer centering on z = 0.34 nm is formed, with its upper boundary marked by a white dashed line in Figure 4 (another, albeit less well-defined, water layer can also be identified at z = 0.61 nm). Such a layering of water molecules is a well-known signature of solid− liquid interfaces, 25 and can be also clearly seen from the average density profile of water molecules near the electrode (see Figure S1 in the Supporting Information). From the perspective of the interfacial N 2 molecule, a shell of hydration water can be also clearly discerned, with its outer boundary marked by a white dashed circle in Figure 4 . Figure 4 also shows that, when a N 2 molecule moves away from z = 0 to ∼0.5 nm, the evolution of the water structure around it is characterized by a decrease of the electrode−water interfacial area along with an increase of the N 2 −water interfacial area. Because, water molecules interact much more weakly with a N 2 molecule than with the electrode (as is evident from the more distinct layering of water near the electrode, see Figure 4 ), this evolution of the N 2 −water and electrode−water interfacial areas comes with a free energy penalty and leads to an increase of the solvent-effect component of the PMF as shown in Figure 2b . Such an energy penalty, together with the increase of the N 2 −electrode interaction potential (or decrease of its magnitude) as a N 2 molecule moves away from the electrode, helps explain the increases of the total PMF as z increases from 0.35 to ∼0.5 nm.
The situation changes when the N 2 molecule moves further away from the electrode surface. As shown in Figure 4 , when z is in the range of ∼0.5−0.7 nm, water molecules gradually appear beneath it, thus, both the N 2 −water and electrode− water interfacial areas increase. However, given the strong interactions between the water molecules and the electrode, the increase of the electrode−water area is favorable, whereas the increase of the N 2 −water interfacial area is much less favorable. The water molecules at the newly appeared N 2 − water interfaces, which are sandwiched between the N 2 molecule and the electrode surface, may interact strongly with the electrode. As such, the evolution of the N 2 −water and electrode−water interfaces as the N 2 molecule moves away is overall a favorable process accompanied by a decrease of the solvent-effect component of the PMF. In the same region, the PMF component due to the N 2 −electrode interactions increases but the total PMF gradually decreases. These facts together indicate that the solvent effects dominate over the N 2 −electrode interactions, thus causing the PMF of the N 2 molecules to decrease as it moves from z = ∼0.5 to 0.7 nm. Figure 4 also shows that as the N 2 molecule moves further from the second valley of PMF (z = 0.68 nm) toward the bulk electrolyte, the N 2 −water and electrode−water interfacial areas no longer change, but the PMF of the N 2 molecule still oscillates weakly. This oscillation of the PMF can be understood qualitatively as a result of the interference between the water structure near an individual interfacial N 2 molecule and that near the electrode surface. We note that the similar "interference" concept has been used to rationalize the oscillatory capacitance of nanopores and the oscillatory intersurface interactions mediated by liquids. 26, 27 In bulk electrolytes, water molecules form a shell around each N 2 molecule and a density peak is observed at a distance of 0.36 nm from the N 2 molecule (see the radial distribution function of water molecule with respect to the N 2 molecule in Figure S2 of the Supporting Information). Near an electrode, as the distance from the electrode surface increases, water also forms increasingly blurred layers with density enhanced at the center of each layer and suppressed at positions between the adjacent layers. When a N 2 molecule is positioned near the electrode surface, the water structure around it and near the electrode surface can interfere in two qualitatively different ways: in the positive (negative) interference, the density peak of the water shell near the N 2 molecule overlaps with one of the density peaks (valleys) of water near the electrode. For example, when a N 2 molecule is positioned at z = 0.70 nm, the density peak corresponding to its first hydration shell is located on the spherical surface 0.36 nm from the N 2 molecule and interferes positively with the first water density peak. As a result, the packing of water near both the N 2 molecule and the electrode surface is optimized, and an enhanced water density is found beneath the N 2 molecule. Therefore, the accumulation of N 2 molecules at this position is favored, which helps in explaining the fact that the solvent-effect part of the N 2 's PMF is locally minimized at z = ∼0.68 nm (see Figure 3b ). However, when a N 2 molecule is positioned at z = 0.86 nm, a negative interference between its hydration shell with the first water valley near the electrode drives the depletion of water molecules at the south pole of the N 2 molecule, resulting in an unfavorable packing of water locally. Therefore, the N 2 molecule tends to be driven away from this location, which is in line with the observation that the solvent-effect component of the N 2 's PMF is maximized at z = ∼0.83 nm.
Due to the reasons given above, as the N 2 molecule moves further away from the electrode, positive (negative) interferences between its hydration shell and the second water peak (valley) near the electrode are observed. Consequently, the solvent-effect component of the N 2 's PMF shows further oscillation. However, because the second water density peak/ valley near the electrode is much less distinct compared to the first water density peak/valley (see Figure S1 in the Supporting Information), the oscillation of the solvent-effect component of the PMF (and thus the total PMF) is weak.
3.2.2. Charged Electrodes. When the electrode is electrified moderately to a surface charge density of −0.08 C/m 2 , the first PMF valley is deepened by 2.30 kJ/mol, whereas the first PMF peak is lowered by 2.04 kJ/mol compared to the PMF of a N 2 molecule near the neutral electrode (see Figure 5a ). Beyond the first peak and valley (i.e., z ≳ 0.7 nm), the PMF deviates weakly from that near the neutral electrode. As the surface charge density increases to −0.16 C/m 2 , the change of the N 2 molecule's PMF is again mainly limited to within z = 0.7 nm from the electrode surface (see Figure 5a ). However, the first valley rises to nearly zero, whereas the first peak rises weakly by 0.43 kJ/mol. These changes indicate that the enhanced adsorption of N 2 molecules in EDLs with σ = −0.08 C/m 2 and the diminished adsorption of N 2 molecules in EDLs with σ = −0.16 C/m 2 observed in Figure 2a are caused mainly by the change of the first valley's depth of a N 2 molecule's PMF as the electrode becomes electrified to different degrees. The nonmonotonic evolution of the N 2 's first PMF valley with increasingly more negative surface charge density is interesting, and therefore is further examined below.
Because the N 2 molecule has no dipole moment and the electrical field generated by planar electrodes is uniform, the N 2 −electrode interactions and their contribution to the N 2 's PMF do not change as the electrode becomes electrified. Thus, the nonmonotonic variation of the first PMF valley observed in Figure 5a should originate from the solvent effects. Hence, we examine the distribution of water molecules near the electrode surface. Figure 6a −c compares the density profiles of water molecules near electrodes with different surface charge densities. As σ changes from 0 to −0.08 C/m 2 (see Figure  6a ,b), the height of the first water density peak near the electrode (hereinafter referred to as the contact density) becomes lower, whereas the first water density valley becomes less deep. Meanwhile, an integration of the water density from the electrode surface to the boundary of the first water layer (z = 0.5 nm) shows that the number of water molecules in the first water layer per unit electrode surface area changes from 10.32 to 10.43 nm −2 . Together, these results show that, as σ changes from 0 to −0.08 C/m 2 , because the number of molecules in the first water layer remains nearly unchanged, the contact density of water decreases (i.e., water molecules are packed less compactly on the electrode). Because a N 2 molecule at the first valley of its PMF (z = 0.34 nm) must first displace the water molecules on the electrode surface to become contact-adsorbed, the lower contact water density and less compact packing of water molecules at σ = −0.08 C/m 2 facilitates the adsorption of N 2 molecules at this place and hence the PMF valley is deeper than that when the electrode is neutral. The less compact packing of interfacial water near the moderately charged electrode can be understood as follows. It is well established that, near a planar surface whose atoms cannot form hydrogen bonds with water molecules, the interfacial water molecules orient with their O−H bonds parallel to the surface to maximize the hydrogen bonding among themselves. 28, 29 Therefore, the interfacial water molecules exhibit strong ordering and are compactly packed. When the surface becomes negatively charged, as shown in ref 30 , the OH bonds of many water molecules are forced by the electrical field to point toward the electrode. This disrupts some of the hydrogen bonds between the water molecules within the first density peak. As a result, the packing of the water molecules in the first density peak is less compact and more diffusive in the direction normal to the electrode surface. Consequently, the contact water density becomes smaller. As the surface charge density of the electrode changes further to −0.16 C/m 2 , the first water density peak becomes much sharper and the contact water density is ∼40% higher than that near the neutral electrode (see Figure 6a ,c). The first water density valley becomes wider and its height is ∼50% higher than that of the neutral electrode. These data suggest that the first interfacial water layer consists of an inner sublayer in which water molecules are highly ordered and tightly adsorbed on the electrode surface and a more loosely packed outer sub-layer. Because inserting a N 2 molecule at the first PMF valley (z = 0.34 nm) must displace the water molecules in the highly ordered inner sub-layer from the electrode surface, such insertion is more difficult compared to that near neutral electrodes, which explains why the first PMF valley is higher than that near the neutral electrodes. The higher contact density of water and the formation of the much thinner and denser inner water sub-layer on the electrode surface can be attributed to two factors. First, the number of water molecules in the first peak increases because many water molecules are brought toward the electrode with σ = −0.16 C/ m 2 by the locally increased number of Li + ions (see Figure  6b ,c). Second, because the electrical field emanating from the electrode disrupts the hydrogen bonding between these water molecules, such a field, being much stronger than that near electrodes with σ = −0.08 C/m 2 , forces the water molecules in contact with the electrode to become highly ordered in orientation, and thus makes their packing more ordered and dense. Consequently, the contact water density is much higher than that near electrodes with σ = 0 and −0.08 C/m 2 , and the adsorption of N 2 on the electrodes decreases.
3.3. Molecular Details of N 2 Adsorption near Spherical Electrodes. Figure 5b compares the PMF of N 2 molecules near spherical electrodes with different surface Langmuir 2018, 34, 14552−14561 charge densities. Similar to those near planar electrodes, these PMFs oscillate as the N 2 molecule moves away from the electrode and approach zero at ∼1.2 nm from the electrode surface. The depth of the first PMF valley, which dominates the net adsorption of N 2 molecules in the EDLs, also varies with the surface charge density in a way similar to that near planar electrodes. It becomes more negative as σ changes from 0 to −0.08 C/m 2 , but then becomes more positive as σ changes from −0.08 to −0.16 C/m 2 . However, the decrease of the first valley's depth, as σ changes from −0.08 to −0.16 C/ m 2 , is much weaker than that near the planar electrodes, and explains the rather modest reduction of N 2 adsorption in EDLs near spherical electrodes in this surface charge window. Because the evolution of the N 2 's PMF near spherical electrodes, as the electrode charge density changes from 0 to −0.08 C/m 2 , is similar to that near the planar electrodes, below, we focus on the evolution of the N 2 's PMF as σ changes from −0.08 to −0.16 C/m 2 . Figure 6d −f shows the density profiles of water molecules and ions near spherical electrodes with different surface charge densities. As σ increases from −0.08 to −0.16 C/m 2 , the first interfacial water layer exhibits only minor changes, i.e., the height of its density peak only increases by 8%. Because the packing of the interfacial water molecules changes little, the solvent-effect component of N 2 's PMF (and thus the total PMF) also has little change. This behavior is in sharp contrast to the situation near planar electrodes, where the density (and thus packing) of interfacial water molecules increases greatly as σ changes from −0.08 to −0.16 C/m 2 . This difference originates mainly from the fact that the interfacial Li + ion density near spherical electrodes is always lower than that near planar electrodes with the same charge density (see Figure  6b ,c,e,f) and the increase of interfacial Li + ion density over the same surface charge density window is small (the Li + ion peak increases from 1.30 to 1.97 nm −3 near the spherical electrode, compared to that from 3.06 to 7.63 nm −3 near the planar electrode). Consequently, the accumulation of water molecules near the spherical electrode due to the hydration of interfacial ions and their increase in number density when σ changes from −0.08 to −0.16 C/m 2 are both minor.
The lower Li + ion density near spherical electrodes and its weaker increase as σ becomes more negative compared to those near planar electrodes are caused mostly by the spherical electrode's small radius. In electrolytes with high ion concentration and hence small Debye length, one can approximate the EDL as a single Helmholtz-like counterion layer adsorbed on the electrode surface at a distance of d. For planar electrodes, the area density of the counterions in this layer is |σ|/e (e is the elementary charge). For spherical electrodes with a radius of R, the area density of the counterions in this layer is reduced by a factor of (1 + d/R) 2 to |σ|/e × (1 + d/R) −2 . In our system, R = 1 nm and d ≈ 0.4 nm (based on the position of the first Li + ion density peak, see Figure 6e ), and therefore the area density of Li + ions adsorbed on the spherical electrode can be ∼2 times smaller than that on the planar electrode. Although this simple analysis neglects the finite thickness of the EDL and underestimates the reduction of Li + ion density on the small spherical electrodes, it captures an essential aspect of the EDLs near electrodes with strong curvatures, and thus helps to elucidate the difference between Li + ion and water molecule accumulation (and ultimately the N 2 adsorption) in the EDLs near the spherical and planar electrodes.
CONCLUSIONS
The recent discovery that N 2 can be electrochemically reduced to NH 3 with excellent selectivity and activity on atomically sharp carbon nanospikes under ambient conditions has revealed a promising strategy for ammonia synthesis alternative to the conventional Haber−Bosch process. 9 It has been shown that the large curvature of the molecularly sharp nanospikes is the key for their superior performance. Elucidating the adsorption of N 2 on carbon nanospikes, an elementary step for N 2 's electrochemical reduction, is essential toward the full understanding of the catalytic mechanism of the carbon nanospikes, which will hopefully lend support toward the optimization of material performance. However, the adsorption of small nonpolar molecules on electrodes (or more generally, in the EDLs near electrodes) is rarely studied, let alone the effect of electrode curvature on the adsorption.
In this work, we have studied the adsorption of N 2 molecules in EDLs and have calculated their PMF across the EDLs near planar and atomically sharp electrodes. The effects of surface charge and surface curvature of the electrodes on the gas adsorption behavior were explored in detail. It was found that the density of N 2 molecules in EDLs deviates from that in bulk electrolytes only within ∼1.2 nm from the electrode surface, and contact-adsorbed N 2 molecules dominate the adsorption of N 2 in the EDLs. Overall, N 2 is enriched near neutral electrodes. As the electrodes become negatively electrified, the adsorption of N 2 increases for the moderate surface charge density of −0.08 C/m 2 , but decreases for the high surface charge density of −0.16 C/m 2 . However, the suppression of N 2 adsorption in EDLs as the electrode becomes highly charged is much less pronounced near the high curvature 1 nm radius spherical electrodes than near the planar electrodes. The electrochemically available N 2 molecules near highly charged spherical electrodes are 1 order of magnitude higher than those near similarly charged planar electrodes. This result suggests that, compared to the planar electrodes, electrodes with large curvatures can facilitate the electrochemical reduction of N 2 molecules, which may be one of the mechanisms underlying the extraordinary performance of the carbon nanospikes.
Analysis of the PMF of the N 2 molecules across the EDLs reveals that, because the N 2 −electrode interactions contribute to the enrichment of N 2 in EDLs, solvent-induced effects play a profound role in the preferential adsorption of N 2 on the electrode surface, the evolution of N 2 adsorption as electrodes become electrified, as well as the dependence of N 2 adsorption on the curvature of the electrode. In particular, the packing of the first layer of interfacial water molecules on the electrode surface greatly affects the contact adsorption of N 2 molecules on the electrode surfaces. By changing the orientation of interfacial water molecules and drawing counterions toward the electrode surface, the surface charge and curvature of electrodes can modulate the amount of water molecules in this layer and their packing, thereby modulating the adsorption of N 2 molecules in the EDLs, e.g., leading to the nonmonotonic variation of N 2 adsorption as the electrode becomes more negatively charged.
The present work focuses on the adsorption of N 2 molecules in EDLs. However, because prior work suggested that the gas adsorption on hydrophobic surfaces immersed in water exhibits limited gas specificity, 6 the insight gained here should be relevant to the adsorption of other small gas molecules such as CO 2 on charged surfaces that do not form extensive hydrogen bonding with the water molecules. Therefore, the present work may help in understanding gas behavior on electrodes in other applications, e.g., the nucleation of bubbles on electrodes during electrochemical reactions that release poorly soluble gases. The knowledge acquired could also be applied toward other applications of carbon nanospikes and nanostructured electrodes for the electrochemical reduction of dissolved CO 2 to multicarbon oxygenates in aqueous electrolytes. 31 ■ ASSOCIATED CONTENT
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